INTROD U C T I O N
Magnetic susceptibility measurements of soils are mostly used for two purposes: to read the climatic signal recorded by palaeosols (Maher & Thompson 1999; Maher et al. 2003) and to identify pollution in soils (Petrovský & Ellwood 1999; Lecoanet et al. 2001) . Recently, attempts have been made to delineate areas of hydric soils by magnetic susceptibility measurements in the field (Grimley et al. 2004) .
For all of these tasks, it is crucial to know a reference signal, e.g. the susceptibility of the unweathered loess in loess-palaeosol sequences (Maher et al. 1994) or the susceptibility of uncontaminated soils in pollution studies (Hanesch & Scholger 2002) . The soil reference signal will have large variations as a result of the processes acting within the soil. These processes affect the soil formation and hence the soil type as well as the magnetic susceptibility.
The complexity of the relationship between soil type and susceptibility can be imagined if we regard the factors acting during soil formation. Schachtschabel et al. (1998) specify the following factors: climate, parent material, gravity and topography, water, fauna and flora, and human activities. All these factors may also affect the susceptibility signal within a soil.
(i) Climatic influences on susceptibility are mainly temperature and rainfall (Eyre & Shaw 1994) . Modern analogues of the association between soil susceptibility and climate can be used to approximate the intensities of palaeoprecipitation (Dearing et al. 2001; Maher et al. 2003) .
(ii) Parent material is especially important for the content of magnetic minerals (Singer et al. 1996; Fontes et al. 2000) . In some cases, it is the dominating influence on soil susceptibility (Hanesch et al. 2001) .
(iii) The effects of topography on susceptibility were studied for example by de Jong et al. (2000) . They found that soil susceptibility changes with the position of the soil profile on a slope. Texture and drainage class are assumed to be the main reason.
(iv) The water regime is one of the most important influences on the magnetic properties of a soil. If the soil is arid, pedogenic magnetite does not form. If waterlogging occurs (e.g. gleysol), magnetic minerals are dissoluted. Therefore, the same susceptibility value can be a relatively low value for a well drained brown earth but an average value for a waterlogged soil. These relationships are qualitatively known (Maher 1998 ) but we still lack information on which values can be regarded as normal for a certain soil type. Water also acts as the transporting agent if clay (in luvisol) or organic matter (in podzol) is relocated within the soil profile. These transport processes depend, inter alia, on the pH value throughout the soil profile. Iron and aluminium are often transported together with the clay or the organic matter to deeper soil horizons. Hence, these processes affect the vertical distribution of magnetic susceptibility.
(v) Fauna and flora may also affect the susceptibility throughout a soil profile. Animals (e.g. worms) relocate material in the horizontal and vertical direction. Roots of plants create channels, which make transport of solutions easier. Different vegetation causes different processes in the soils, which in turn affects the susceptibility profile (Dearing et al. 1995) .
(vi) Erosion (e.g. by gravity at slope sites, but also by wind) can lead to loss of the magnetically enhanced soil horizon.
(vii) Anthropogenic influences are mainly industrial pollution but also agricultural use, removal or disposal of material.
(viii) Another important factor of soil formation is time (Jenny 1994) . It also influences the magnetic properties. While a welldrained soil matures, the enhancement of susceptibility increases (Singer et al. 1992) . This enrichment of magnetically susceptible minerals does not always occur at a constant rate (White & Walden 1997) .
The high number of interacting processes makes it difficult to specify typical values for the susceptibility in soils. In this study, we want to find standard values for the different soil types, which help us to interpret susceptibility values measured for individual soils. For this purpose, we use a large database of soils sampled by two Austrian provinces and put together those soils of the same type that formed on the same parent material. The statistical parameters calculated for these groups can be used as a reference for the classification of individual measurements.
MATERI A L S
Soil samples were collected in the Austrian provinces Lower Austria and Burgenland in the course of the soil survey programs of the provinces. A grid of 4 by 4 km was used. At each gridpoint, samples were taken from several depth intervals: 0-5, 5-10, 10-20, 20-40 and 40-50 cm for grassland sites and 0-20, 20-40 and 40-50 cm for agricultural sites. In Lower Austria, additional topsoil samples were taken to form a denser grid of 2.75 by 2.75 km. These additional samples were always taken from the upper 20 cm of the soil, independent of the land use at the site. At each of the 1623 gridpoints, four samples of each depth interval were taken at distances of 2 to 10 m from the gridpoint towards the cardinal directions. These samples were mixed to give a bulk sample of approximately 1 kg, dried and passed through a 2-mm sieve.
Soils are grouped by soil type and parent material. During the soil survey, soil types are classified according to the German system (Schachtschabel et al. 1998 Felsbraunerde, which formed on rocks, and Lockersedimentbraunerde, which formed on loose sediments. Kalkhaltige Kolluvien (relocated calcic sediments) are calcic sediments where a layer of at least 40 cm (in most cases all the sampled material) consists of soil material rich in humus, which has been relocated by gravity, water or wind. Usually, it accumulates in troughs or at the base of slopes, overlaying various other soils. Tschernosem in the German system is translated as chernozem but the reader should be aware that the German definition does include phaeozem, which is widespread in the studied region. The anthrosols in this investigation are soils that have been used for agriculture over many years. A sharp boundary developed between the ploughed layer and the soil below. These soils have only a small water storage capacity and the humus content is low as a result of erosion and extensive agricultural use.
The classification of the parent material was mostly performed by using geological maps and is described in the soil survey reports of the provinces (Bundesanstalt für Bodenwirtschaft Wien 1994; Bundesamt und Forschungszentrum für Landwirtschaft 1996). For several soil groups, the classification might need some explanation.
The calcareous Alps are mainly formed by mesozoic limestone and dolomite, which are alkaline. However, there are also some siliceous rocks (schist, sandstone) present. The central zone of the Alps is formed by metamorphic rocks (phyllite, schist, gneiss, quartzite) as well as by limestone and dolomite.
Alluvial terraces of the Danube and its southern tributaries were formed during the Würm ice age (higher terraces, 120 000-10 000 yr) and the Riß ice age (lower terraces, 240 000-180 000 yr). The covering layers of the lower terraces are indicated as old alluvium. The loam on which part of the stagnosol formed is an eolic, non-calcic sediment deposited during a cold, humid climate. Loam and loess cover the higher river terraces. The calcic loess was deposited during a dry, cold climate. The alluvium indicated as Schwemmaterial in the soil survey was deposited during the last 10 000 yr by the Danube and its tributaries.
METH O D S
The dried and sieved soil samples are stored in rectangular plastic boxes (100 × 74 × 48 mm) in a soil archive. Magnetic susceptibility was determined by putting these boxes on top of the Exploranium KT9 instrument, which had been fixed on a table. 251 samples were subsampled, filled in plastic cylinders of 10 cm 3 , weighed and magnetic susceptibility measured with the KLY2 Kappabridge. A regression was calculated between the mass specific (KLY2) and the volume specific (KT9) measurements. The regression equation was used to calculate mass specific values for all samples in the unit 10 −8 m 3 kg −1 (Hanesch & Scholger 2002) . Some of the soil groups are small and the test on normal distribution yields no reliable results. Describing the data distribution by percentiles is a better choice in this case than calculating mean and standard deviation. Furthermore, percentiles are independent of outliers and extremes. For the same reason, rank correlation coefficients (Spearman) were calculated instead of Pearson's correlation coefficient.
In the Appendix, the following distribution parameters of magnetic susceptibility values are listed for all soil groups: median, upper and lower quartile, minimum and maximum. In a previous study (Hanesch & Scholger 2002) , 8 per cent of the soils had been classified as anthropogenically polluted. This percentage might be higher for an individual soil group. Therefore, we suspect the upper quartile of each group is affected by contaminants. The interval between the lower and the upper quartile should represent the values that are expected as natural values for a certain soil group. For a quick overview, the median values of the groups are compared.
RESU LT S

Susceptibility values
Statistical distribution parameters of magnetic susceptibility values were calculated for all soils of the same type formed on the same parent material (soil groups), and for agricultural and grassland soils separately. No significant difference was found between grassland and agricultural soils when a mean value was calculated for the uppermost 20 cm of grassland profiles: (χ 0−5 cm + χ 5−10 cm + 2χ 10−20 cm )/4. The number of grassland profiles is low and for some soil groups none at all had been sampled. Therefore, agricultural and grassland profiles are analysed together. For the uppermost 20 cm, also the additional profiles of the 2.75 by 2.75 km grid are included. The median values are visualized in Fig. 1 . The complete distribution parameters of all soil groups are listed in the Appendix. Differences between the soil types can clearly be seen.
Chernozem soils have the highest values from the top down to 50 cm. By comparison of the chernozem developed on loess with the cambisol and anthrosol on loess, we can conclude that the susceptibility of the parent material will be lower than the susceptibility measured at a depth of 50 cm. Typically, the A horizon of chernozem reaches down to 30-40 cm. Therefore, the value of the second depth interval (20-40 cm) is still mainly influenced by the A horizon, which leads to similar values in the two upper depth intervals.
The lowest susceptibilities are found in the soils influenced by waterlogging: gleysol, stagnosol and stagnic phaeozem. Stagnic phaeozems are the only ones in this group where an enrichment of susceptibility in the upper depth layer relative to the lowest depth layer is observed for most of the profiles (78 per cent of the sampled profiles).
The cambisols of the Bohemian massif have only slightly higher susceptibilities than the waterlogged soils, whereas the cambisols formed on loess or in the central zone of the Alps contain more magnetically susceptible material. This difference will be an effect of the heterogeneous parent material. In general, the pedological properties of cambisol vary a lot, depending on parent material, vegetation and degree of acidification. The same is true for the vertical susceptibility profile of cambisol. While the susceptibility values of cambisol formed on granite do not change much with depth, the values of cambisol on loess show a pronounced trend towards higher values in the topsoil. Obviously the loess provides better conditions for the neoformation of magnetite. In acidic forest cambisols, Kapička et al. (2003) even found a slight trend towards higher values deeper in the soil profile. This inverse trend is also found in cambisol on amphibolites (Maier & Scholger 2004) . The parent material can influence the susceptibility values by providing lithogenic magnetic material or by providing a matrix that favours the neoformation, e.g. soils on calcareous parent material have higher pH values.
The anthrosol formed on loess has the lowest susceptibility values of the soil types sampled on loess. Probably, magnetic material is transported away by erosion. The susceptibility of the relocated calcic sediments is difficult to interpret as soil formation and deposition are likely to occur at the same time. Gleyzation does not change the absolute value of magnetic susceptibility for these sediments.
Figs 2 and 3 show the same values as Fig. 1 , but normalized to the value measured in the deepest sampled layer (40-50 cm). In the following, we refer to this normalized value as enrichment. Soils that formed on sediments are shown in Fig. 2 . The enrichment in these soil profiles depends more on the parent material than on the soil type. The most enriched soils are those formed on loess and old alluvium. In the relocated sediments, no enrichment is observed. The duration of soil formation, i.e. the time that was available to develop clearly distinguished soil horizons, might be an important factor in the extent of the relative enrichment.
Soils from other parent materials are shown in Fig. 3 . As for the sediments, the cambisol profiles show very different amounts of enrichment, dependent on the parent material. The same is valid for the stagnosol. Gleysol on granite is depleted of magnetic material in the upper depth intervals as a result of waterlogging.
Comparison to literature values
A data set similar to the one used here is the UK soil survey data. Dearing et al. (1996) Susceptibility of a parabrown earth in southern Germany (14 × 10 −8 m 3 kg −1 in the upper 20 cm) is close to our median values for stagnosol (Hanesch & Petersen 1999) . The same is valid for the chernozem on loess investigated by Jordanova & Jordanova (1999) It is quite difficult to find values in the literature that can be compared. Many soil studies work with volume specific susceptibility; often soil type and parent material are not sufficiently specified. However, the high number of profiles analysed in this study yields a reliable statistic. If mass specific values are used, and if parent material and soil type are well defined, the data of this study will help to interpret susceptibilities of individual soil profiles. It would be desirable to complement this database with susceptibility values of other soil groups that are not found in our study area or are not widespread enough to yield statistically significant results.
Correlation between susceptibility and other parameters
Rank correlation coefficients between susceptibility and the other available parameters were calculated for each depth interval of all soils belonging to the same soil type on the same parent material (soil groups). Parameters yielding correlation coefficients that are significant at the 0.01 level are listed in Table 2 . Some groups did not yield significant results, mainly because of the small number of available samples.
The correlations between susceptibility and humus or clay content reflect the main binding mechanisms for magnetic material in the soil. Humus content is usually positively correlated to magnetic susceptibility. An exception is the stagnic phaeozem. There, samples with high humus content show low susceptibility values. As drainage is inhibited in this group, transport processes between the different horizons may be important. However, an analysis of the lower depth intervals showed no significant results.
Other waterlogged soils are the groups of gleysol on alluvium and stagnosol on flysch. In both groups, susceptibility is correlated to several heavy metals below a depth of 20 cm. In the topsoil, only the correlation to cobalt in gleysol, and chromium and copper in stagnosol remains. We conclude that the heavy metals in the topsoil are from geogenic origin. The lack of other correlations in the topsoil can be the result of the transport processes occurring in the gleysol.
Correlations were also calculated for reduced data sets. These sets were produced by removing the samples that lie in the upper quartile of the susceptibility values. Thus, the polluted samples are excluded from the analysis (see methods in Section 3). This procedure further reduces the number of data in the analysis and we therefore have to be even more careful in the interpretation. In the smaller groups, results were not significant any longer. In most of the other cases, the results were the same as for the complete data sets. Therefore, we describe here only the apparent differences. In chernozem on loess, the correlation with lead in the upper depth layer disappears in the reduced data set; in cambisol on granite, the correlation with cadmium disappears. In both cases, the correlation with humus remains. This can be interpreted as an indication that lead and cadmium are from anthropogenic origin in these cases.
DISC U S S I O N
The data of this study reflect the influence of soil type on magnetic susceptibility. The median values of the investigated soils cover a wide range from 77 × 10 −8 m 3 kg −1 in chernozem on loess to 7 × 10 −8 m 3 kg −1 in gleysol on granite. The general trend of high susceptibility in well drained soils and low susceptibility in waterlogged soils is confirmed.
The measured susceptibility value depends, on the one hand, on the amount of magnetic minerals provided by the parent material and, on the other hand, on the amount of newly formed magnetic minerals. Our results show the prevailing influence of the neoformation on the measured susceptibility values if no highly magnetic parent material (e.g. basalt) is present. The amount of neoformation depends on the conditions within the soil and, hence, on the soil type as well as on the parent material, which provides the major ingredients of the soil matrix. The neoformation of pedogenic magnetite is mediated by ironreducing bacteria (Hanesch & Petersen 1999) . Favourable conditions are a near-neutral pH value (5.5-7; Taylor et al. 1987) , an iron supply, the presence of organic matter and an anoxic environment (Lovley & Philips 1986) . The highest number of pedogenic ferrimagnets is found in intermittently wet/dry soils because the Fe 2+ in ironbearing minerals is oxidized and then forms non-ferrimagnetic iron minerals if no subsequent reduction takes place (Maher 1998) .
Soils with a pH value between 4 and 6 have low susceptibility values. These are the soils formed on granite, schist, gneiss, marble, flysch, loam, non-calcic alluvium and in the central Alps. However, high pH values do not automatically lead to high susceptibility values. Examples are the gleysol on calcic alluvium and the stagnic phaeozem where the dissolution is stronger than the neoformation.
Anthrosol on loess (pH 7.2-7.6 in the upper depth layer) and cambisol on loess (pH 6.0-7.6 in the upper depth layer) have pH values comparable to the chernozem but much lower susceptibility. This could be caused by the lower humus content. It is between 0.4 and 2.3 per cent for the anthrosol and cambisol (median: 1.4 and 1.5 per cent, respectively) and between 0.9 and 4.2 per cent for the chernozem (median on loess: 2.0 per cent). However, the influence of humus content on susceptibility differences between the soil groups is not as well pronounced as the influence of pH.
Within the individual soil groups, however, we find correlations between susceptibility and humus content. This relationship was expected as the presence of organic matter favours susceptibility enhancement by providing the conditions necessary for the reduction of iron (Mullins 1977) . In the A horizon of chernozems in Germany, magnetic susceptibility and humus content were found to be correlated (Neumeister & Peschel 1968) . Maher (1998) found a correlation of susceptibility with organic carbon and clay in cambisols of the UK soil survey. The correlation with clay was also found in this study for some soil groups. Maybe another reason for the variability of soil susceptibility is the retention of magnetic particles in the soil by different mechanisms (adsorption on clay particles or on organic matter).
One of the prevailing influences on susceptibility is the water regime. As soon as waterlogging occurs, magnetic minerals tend to be dissoluted. Gleysol, stagnosol and stagnic phaeozem have the lowest susceptibility values in this study. The relocated calcic sediments have intermediate susceptibility values even if they are affected by gleyzation. The reason is probably the short time of gleyzation compared with the longer time of soil formation before the material was relocated.
There are other important factors like the texture of the soil, which influences the existence of locally reducing environments necessary for the iron reducing bacteria to act. Influence of erosion and human impact can also change the conditions in the soil and hence the capability of retaining and/or forming magnetic minerals. Furthermore, the climate in the zone of the Bohemian massif is colder and more humid (annual precipitation 600-1200 mm) than in the loess region (annual precipitation 500-700 mm).
Our results are hard to interpret where the parent material is not well characterized. The two groups northern calcareous Alps and central zone of the Alps have a heterogeneous geology (see materials in Section 2). As a result, they show the widest spread of susceptibility values. Here, a further subdivision of the parent material will be necessary to obtain satisfying results.
The values of our study can be used to judge magnetic susceptibility values of individual profiles if some rules are respected: the comparability of soil type and parent material has to be ensured; the less data were used to calculate the statistics of a soil group, the less reliable are the values. Thus, our study may help to interpret data of smaller studies, which provide less material for comparison. It would be desirable to obtain this sort of data for more soil types and also in other regions. For example, soils formed on magnetically rich basalts might have different characteristics than the soils of this study.
Several difficulties arise if we try to compile standard values that are generally valid.
(i) A high number of data is necessary. Especially for the application of more sophisticated methods, at least 100 profiles of the same soil type have to be available. In this study, the problem appears above all in the correlation analyses. Even results that are statistically significant, may be random. Interpretation is therefore complicated and has to be performed with caution.
(ii) Different working groups use different sampling and preparation methods. Even the used units are different. This limits the possibilities of comparison with other studies. Sometimes depth intervals are used, sometimes the pedological horizons. If pedological horizons are sampled, variability within the groups might be less and results might be easier to interpret. On the other hand, sampling is more time consuming. In other regions, other soil classification systems are used. As diagnostics are different, comparison between the soil types is difficult.
CONC L U S I O N S
(i) The absolute susceptibility values of the soil groups analysed in this study depend on the type of soil. The enrichment in the topsoil (0-20 cm) relative to the subsoil (40-50 cm) depends more on the underlying parent material than on the soil type.
(ii) Taking the range between the lower and the upper quartile as standard values for a given soil type, we found three main groups in this study: chernozem with susceptibilities of approximately 50-90 × 10 
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A P P E N D I X A : D I S T R I B U T I O N PA R A M E T E R S
Magnetic susceptibility (10 −8 m 3 kg −1 ) for the different depth intervals in the soil is shown in Table A1 . Profiles where only the topsoil was sampled are included in the analysis as well as grassland profiles. For the latter, a weighted mean value was calculated for the top 20 cm. 
